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Summary. A human intestinal epithelial cell line (Intestine 407) is
known to retain receptors for intestinal secretagogues such as
acetylcholine (ACh), histamine, serotonin (5-HT) and vasoactive
intestinal peptide (VIP). The cells were also found to possess
separate receptors for secretin and ATP, the stimulation of
which elicited transient hyperpolarizations coupled to decreased
membrane resistances. These responses were reversed in polar-
ity at the K* equilibrium potential. The hyperpolarizing re-
sponses to six agonists were reversibly inhibited by quinine or
quinidine. By means of Ca’*-selective microelectrodes, in-
creases in the cytosolic free Ca?* concentration were observed in
response to individual secretagogues. The time course of Ca’*
responses coincided with that of hyperpolarizing responses. The
responses to ACh and 5-HT were abolished by a reduction in the
extracellular Ca?* concentration down to pCa 7 or by application
of Co?*. Thus, in Intestine 407 cells, not only the intestinal secre-
tagogues, which are believed to act via increased cytosolic Ca>*
(ACh, 5-HT and histamine), but also those which elevate cyclic
AMP (VIP, secretin and ATP) induce increases in cytosolic
Ca?", thereby activating the K* conductance. It is likely that the
origin of increased cytosolic Ca?* is mainly extracellular for
ACh- and 5-HT-induced responses, whereas histamine, VIP, se-
cretin and ATP mobilize Ca?* from the internal compartment.
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Introduction

Mechanisms underlying small intestinal secretion
have extensively been investigated at the tissue
level in vivo and in vitro. However, the cellular
mechanisms were not fully elucidated, because of
the structural and functional heterogeneity of the
epithelium where multiple types of cells take part in
opposite transport functions, absorption and secre-
tion. To overcome this difficulty, we employed an
epithelial cell line, Intestine 407, established from
human embryonic small intestine (Henle & Dein-
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hardt, 1957), to conduct electrophysiological stud-
ies on ionic mechanisms of the stimulation-secre-
tion coupling at the cellular level. This cell line was
selected as a model for Cl™-secreting epithelial cells
of the small intestine on the following grounds: (i)
This cell line is clearly distinct from a prevailing
epithelial cell line, HeLa, with respect to electrical
and enzymatic activities of the cell membrane
(Yada & Okada, 1984; Hazama, Yada & Okada,
1985; Okada, Hazama & Yada, 1985); (ii) Intestine
407 cells retain receptors for a variety of intestinal
secretagogues, including acetylcholine (ACh), sero-
tonin (5-HT), histamine and vasoactive intestinal
peptide (VIP) (Yada & Okada, 1984); (iii) In addi-
tion, this cell line has the binding site to heat-stable
enterotoxin of Escherichia coli (Thomas & Knoop,
1983), another intestinal secretagogue whose action
is mediated by cyclic GMP (Hughes et al., 1978);
(iv) CI- currents can be induced in Intestine 407
cells by intestinal secretagogues under appropriate
conditions (Itoh, Ueda & Okada, 1989).

Intestine 407 cells are known to respond with
slow hyperpolarizations to ACh, SHT and hista-
mine by increasing the membrane K* conductance
(Yada & Okada, 1984). Since the secretagogue
action of ACh, 5HT and histamine is known to be
Ca’*-mediated (for review see Donowitz & Welsh,
1987), Ca’*-activated K+ channels appear to be re-
sponsible for the hyperpolarizing responses. In fact,
similar hyperpolarizations were induced by the ap-
plication of a Ca’" ionophore A23187 (Yada &
Okada, 1984) and by the intracellular injection of
Ca?t (Yada et al., 1986). The first purpose of the
present study is to test this possibility by examining
the effects of inhibitor of Ca?"-activated K* chan-
nels in this cell line and by measuring the cytosolic
free Ca** concentration during the hyperpolarizing
responses with Ca2*-selective microelectrodes.

VIP also induces a similar hyperpolarizing re-
sponse via independent receptors in Intestine 407
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cells (Yada & Okada, 1984). VIP is known to act as
an intestinal secretagogue by increasing cellular cy-
clic AMP (Schwartz et al., 1974; Klaeveman et al.,
1975; Gaginella et al., 1978; Laburthe et al.,
1979a,b; Binder, Lemp & Gardner, 1980; Dharmsa-
thaphorn et al., 1983). Thus, it is possible that VIP-
induced hyperpolarizing responses are mediated by
cyclic AMP-activated K* channels (McRoberts,
Beuerlein & Dharmsathaphorn, 1985; Ueda, L.oo &
Sachs, 1987). Alternatively, the hyperpolarizing re-
sponse to VIP may be induced by Ca’’-activated
K* channels as a result of the intracellular Ca?*
release by increased cyclic AMP as found in
chicken enterocytes (Semrad & Chang, 1987). The
second purpose of the present study is to address
these possibilities by investigating whether VIP in-
duces a sizable increase in the cytosolic free Ca?”
and whether secretin and ATP, which also elevate
cyclic AMP (Laburthe et al., 1979a,b; Binder et al.,
1980; Korman et al., 1982), can induce a hyperpo-
larizing response in a similar manner in Intestine
407 cells.

Materials and Methods

The techniques for cell culture, cell fusion and intracellular re-
cordings were identical with those described in a previous paper
(Yada & Okada, 1984). The monclayer of giant Intestine 407 cells
containing several tens of nuclei was produced by cell fusion
with polyethyleneglycol. This helped to minimize the leakage
artifact upon impalements with microelectrodes. The membrane
potential was measured with 3 M KCl-filled microelectrodes (re-
sistance, 20-100 MQ; tip potential, =5 mV) at 35°C. The input
membrane resistance was estimated by passing constant current
pulses of 0.3 nA through the recording microelectrodes using a
bridge circuit (WPI KS 700). Intestinal secretagogues were
added directly to the bath solution or administered focally to the
cell surface by pressure through a blunted micropipette which
was located about 200 wm from the cell. To prevent osmotic
perturbation which could activate volume-regulatory ion chan-
nels in the cells (Hazama & Okada, 1988), the secretagogues
were dissolved in an isotonic saline solution prior to their appli-
cations. Reversal potentials of the secretagogue-induced re-
sponses were determined by applying currents through an addi-
tional microelectrode impaled simultaneously.

The cytosolic free Ca?* concentration ([Cal;) was measured
with a single-barreled Ca**-selective microelectrode connected
to a differential high-input impedance amplifier (WPI FD 223) at
25°C. Ca?*-selective microelectrodes were made with a neutral
ligand sensor cocktail, as described previously (Yada et al.,
1986; Oiki & Okada, 1988). The 90% response time was about 1
sec. The electrodes were calibrated before and after each impale-
ment in Ca-EGTA buffer solutions (for the composition, see Oiki
& Okada, 1988) at 25°C. Ca?* concentrations in the buffer solu-
tions were calculated by taking the purity of EGTA and the
activity of H* into account. The Ca*-selective microelectrodes
exhibiting Nernstian responses between pCa 7 and 3 were se-
lected. The [Ca], value was computed from the potential differ-
ence between the conventional and Ca?*-selective microelec-
trodes.
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The control bathing solution was a Tris-buffered saline solu-
tion containing (in mMm): 143 NaCl, 4.2 KCl, 0.9 CaCl,, 0.5
MgCl,, 20 mannitol and 10 Tris-HCI (pH 7.3). A nominally Ca**-
free solution was prepared by removing CaCl, from the contro}
solution and was found to contain about 4 uM free Ca** when
examined with Ca’*-selective electrodes. The intestinal secreta-
gogues examined in the present study were acetyicholine chlo-
ride {ACh: Nakarai Chemical), 5-hydroxytryptamine hydrochlo-
ride (5-HT: Sigma), histamine (Nakarai), synthetic porcine
vasoactive intestinal peptide (VIP: Peninsula Laboratories or
Protein Research Foundation), synthetic or native secretin (Pro-
tein Research Foundation or Boots) and ATP (Kohjin Chemical).
Other drugs employed were adenosine (Kohjin), AMP
(Boehringer Mannheim GmbH), ADP (Kohjin), dibutyryl cyclic
AMP (db-cAMP, Sigma), adenylyl imidodiphosphate (AMP-
PNP: Sigma), a,3-methylene ATP (Sigma), caffeine (Nakarai),
KCN (Nakarai), p-trifluoro-methoxypheaylhydrazone (FCCP:
Pierce Chemical), tetraethylammonium chloride (TEA: Naka-
rai), nonyltriethylammonium (C9: a gift from Dr. M. Tazawa,
Tokyo University), quinine hydrochloride (Nakarai) and quini-
dine sulfate (Merck).

All data shown in the text are expressed as the mean = SEM
(n: number of cells observed). Differences between means were
evaluated by the F-test.

Results

HYPERPOLARIZING RESPONSES TO SECRETIN
AND ATP viA SEPARATE RECEPTORS

Intestine 407 cells responded to ACh, 5-HT, hista-
mine and VIP with transient hyperpolarizations, as
found previously (Yada & Okada, 1984). ATP and
secretin also elicited similar hyperpolarizing re-
sponses at doses over 0.1 mMm and 1 uM, respec-
tively. Maximum responses were achieved with 1
mM ATP and 100 uM synthetic porcine secretin (or
20 units/liter Boots secretin) (Fig. 1). Their mean
peak responses were —88.9 = 2.8 (11) and —82.6 %
1.4 mV (12), respectively. The hyperpolarizing re-
sponses were always associated with decreases in
the membrane resistance (from the resting value of
about 30 to about 10 MQ at peak responses). The
cells exhibited tachyphylaxis to the action of ATP
or secretin after repeated administrations (Fig.
1A,B), as was the case for VIP or 5-HT (Fig. 1C,D)
and for ACh or histamine (Yada & Okada, 1984).
Desensitization produced by a given secretagogue
did not impair the hyperpolarizing response to other
secretagogues (Fig. 1A-D). Secretin and ATP were
still effective when muscarinic receptors for ACh
and H-receptors for histamine were antagonized by
atropine and pyrilamine (Fig. 1E). Thus, the recep-
tors for secretin and ATP appear to be independent
of those for ACh, histamine, 5-HT and VIP.

The extracellular application of ADP also in-
duced a similar hyperpolarizing response, whereas
AMP or adenosine was ineffective (3—-4 observa-
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Fig. 1. Hyperpolarizing responses
induced by ATP (1 mMm) and secretin
(8: 20 units/liter) as well as by
acetylcholine (ACh: 1 mm), histamine
(His.: 0.1 mMm), serotonin (5-HT: 0.8
mM) and VIP (100 nm) in giant
Intestine 407 cells. Arrows and
rectangular bars indicate the application
of agonists and drugs, respectively.
Dots indicate the application of
outward currents (0.3 nA) to monitor
the input resistance. Note that
decrement (desensitization) of the
responses induced by repeated
applications of a given agonist did not
affect the responses to other agonists
(A-D). Also, atropine or pyrilamine
inhibited the responses to ACh or
histamine, but not those to ATP and
secretin (£). The latency of the
response depended on the distance
between the site of secretagogue
application and the impaled cell, and
hence reflected largely diffusion time of
the agonists. The mean peak values of
hyperpolarizing responses to secretin
and ATP are given in the text, and
those to other secretagogues were in a
previous report (Table 1 in Yada &

@ [ Atropine 05mM T Pyriamine 02mM Okada, 1984). The mean duration of

- - . each secretagogue-induced
-80} hyperpolarizing response was as
mv ach ACh His. His. ATP S follows (in sec): 43 = 7 (6) for ATP, 79
7 J ¥ + 10 (7) for secretin, 53 = 15 (6) for

1 min

tions at 1 mM, data not shown). However, db-
cAMP induced a transient hyperpolarization (the
peak value: —64.0 = 1.4 mV (5) at 1 mm). Nonhy-
drolysable ATP analogues, AMP-PNP and «,3-
methylene ATP, were also effective in inducing
similar responses (—80.8 + 3.4 mV (8) and —84.6 =
2.0 mV (7), respectively, at 1 mm).

ACTIVATION OF QUININE-SENSITIVE K
CONDUCTANCE BY INTESTINAL SECRETAGOGUES

A previous study showed that the hyperpolarizing
responses to ACh, 5-HT, histamine and VIP are due
to activation of the K* conductance (Yada &
Okada, 1984). Since the input membrane resistance
decreased during the hyperpolarizing responses to
ATP and secretin (Fig. 1), similar ionic mechanisms
may underlie these responses. To verify this infer-

ACh, 76 = 30 (6) for histamine, 23 = 8
(7) for 5-HT, and 56 = 16 (7) for VIP

ence, the reversal potentials for these responses
were determined. As shown in Fig. 2, the reversal
potential was estimated to be around -85 mV,
which is close to the equilibrium potential for K*
(—89 mV,; Yada & Okada, 1984). This result indi-
cates that an increase in K* conductance is the
ionic basis for hyperpolarizing responses to ATP
and secretin, as is the case for those to other secre-
tagogues (Yada & Okada, 1984).

A K* channel blocker, quinine or quinidine (at
doses over 0.1 mMm), suppressed the hyperpolarizing
response to every secretagogue examined. At 0.5—
1 mM, the drug rapidly rendered the membrane in-
sensitive to all the secretagogues (Fig. 34,B), and
the action was readily reversible (Fig. 3B). At a high
dose (143 mM), another K* channel inhibitor, TEA,
partially suppressed the hyperpolarizing responses
(Fig. 3C), but the recovery upon washout of the
drug was incomplete. Cy, a hydrophobic TEA ana-
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Fig. 2. Reversal potentials of the responses to ATP (1 mm: cir-
cles and triangles) and secretin (20 units/liter: squares) measured
in three different giant cells. The amplitude of the response is
plotted as a function of the membrane potential. Inset. Represen-
tative records of the responses to ATP (upper trace) and secretin
(S: lower trace) at membrane potentials of —122 and —102 mV,
respectively. Arrows are the same as in Fig. 1
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logue (Armstrong, 1971), could abolish the ACh-
induced hyperpolarizing response at 4 mm (two ob-
servations, data not shown). Quinine (or quinidine)
is known to inhibit the Ca’*-activated K* conduc-
tance in this cell line (Yada et al., 1986; Hazama &
Okada, 1988), though not the case in an insulin-
secreting cell line (Findlay et al., 1985). Therefore,
it is probable that the Ca?*-activated K* channels
operate during the hyperpolarizing responses to in-
testinal secretagogues in Intestine 407 cells.

INCREASES IN CyTOSsoLIC FREE Ca
BY INDIVIDUAL INTESTINAL SECRETAGOGUES

If the secretagogue-induced hyperpolarizing re-
sponses are induced by Ca’"-activated K* chan-
nels, an increase in the cytosolic free Ca>* concen-
tration ([Cal;) should occur concomitantly with the
hyperpolarizing response. To test this inference,
the [Ca]; and the membrane potential were simulta-
neously measured with a Ca*-selective microelec-
trode in combination with a conventional micro-
electrode in single giant Intestine 407 cells. The
basal [Ca]; was always submicromolar. The mean
value (0.69 = 0.04 puM (29)) was greater than the
value estimated by the quin2 method in nonfused
Intestine 407 cells (Sjolander, 1988) or in isolated
chicken enterocytes (Semrad & Chang, 1987;
Chang et al., 1986), but similar to those measured in
a variety of epithelial cells by means of Ca?*-selec-
tive microelectrodes (Lee, Taylor & Windhager,
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1980; O’Doherty, Youmans & Armstrong, 1980;
O’Doherty & Stark, 1981; O’Doherty et al., 1983,
Kelepouris, Agus & Civan, 1985). As shown in Fig.
4, when the intestinal secretagogues, which are be-
lieved to act via increased Ca’", were applied the
[Cal; level transiently increased from the submicro-
molar basal level to the micromolar concentrations.
The mean peak values of the responses to ACh (1
mu), 5-HT (2 mm) and histamine (0.1 mm) were
1.67 = 0.21 (5), 1.13 £ 0.22 (3), and 1.40 £ 0.10 um
(7), respectively. Similar Ca’>* responses were also
induced by stimulation with the secretagogues
which are known to increase cyclic AMP (Fig. 5).
The peak responses were 1.55 = 0.19 (3), 1.54 =
0.68 (3) and 1.58 = 0.17 uM (8) for stimulations with
VIP (0.5 um), secretin (100 um) and ATP (1 mm),
respectively. The differences between the mean ba-
sal [Ca]; and the mean peak [Ca]; value upon stimu-
lation with each secretagogue were significant at P
< 0.005, whereas the mean peak values of secreta-
gogue-induced [Ca2*]; responses were not statisti-
cally different from each other (P > 0.05).

The secretagogue-induced [Ca]; increase was
always in phase with the membrane hyperpolariza-
tion (Figs. 4 & 5). The Ca** response did not result
from the membrane hyperpolarization or from the
poor voltage sensitivity of Ca’*-selective micro-
electrodes, because hyperpolarization produced by
a current pulse injection did not influence the steady
level of [Ca); (Fig. 54), and because quinine did not
affect the [Ca]; increase in response to ATP in spite
of elimination of the hyperpolarizing response by
the drug (2 observations, data not shown).

ORIGIN OF INCREASED CyTosoLric Ca
BY INTESTINAL SECRETAGOGUES

When the extracellular Ca** concentration was re-
duced to around pCa 7 by adding 10 um EGTA to a
nominally Ca?*-free solution, the hyperpolarizing
responses to ACh and 5-HT were preferentially in-
hibited (Fig. 64). The EGTA effects were revers-
ible, though it took more than 30 min to wash out.
The application of Co?* (20-60 mMm), an inorganic
antagonist of Ca?* channels (Hagiwara & Taka-
hashi, 1967; Baker, Meves & Ridgway, 1973), to the
standard bathing solution also abolished only the
ACh- and 5-HT-induced responses (Fig. 6B). The
responses to both secretagogues were restored rap-
idly after removal of Co?*. In contrast to the hyper-
polarizing responses to ACh and 5-HT, those to his-
tamine, VIP, secretin and ATP persisted even in the
presence of EGTA or Co?" (Fig. 64,B). Thus, it
appears that the source of Ca?* mobilized to the
cytoplasm upon stimulation with ACh or 5-HT was
extracellular, whereas that for the respounses to
other secretagogues was intracellular.
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Fig. 3. Effects of K* channel blockers, 1 mM quinine (4), 0.6 mm quinidine (B} and 143 mm TEA (C), on the secretagogue-induced
hyperpolarizing responses in giant Intestine 407 cells. Arrows, rectangular bars and dots are the same as in Fig. 1. The doses and
abbreviations of secretagogues employed are the same as in Fig. 1. Each trace represents three to eight similar experiments
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Fig. 4. Changes in the cytosolic free Ca?* concentration ({Ca];: lower traces) in giant Intestine 407 cells during hyperpolarizing
responses (upper traces) to 1 mm ACh (4), 0.1 mm histamine (B) and 2 mM 5-HT (C). Arrows are the same as in Fig. 1. Data represent
three to seven similar experiments
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Fig. 5. [Ca]; increases (lower traces) during hyperpolarizing responses (upper traces) to 0.5 uM VIP (4), 100 uM synthetic secretin (B)
and I mM ATP (C). Arrows are the same as in Fig. 1. In A a 5 nA current pulse (rectangular bar) was applied to the cell through an
intracellular electrode after compensating for the electrode resistance with a bridge circuit. Note that the response time to potential
changes was satisfactorily fast and that the measured steady [Ca]; level was not affected by the current-induced hyperpolarization.
Data represent three to eight similar experiments
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Fig. 6. Effects of extracellular EGTA (A), Co®" (B) and caffeine (C) on the hyperpolarizing responses to secretagogues. EGTA (10 uM)
was added to a nominally Ca?*-free bathing solution about 10 min before the impalement. Co?* (60 mm) and caffeine (40 mm) were
added to the control bathing solution (containing 0.9 mm Ca?*) about 1 and 10 min before the impalement, respectively. Arrows, dots,
the doses and abbreviations of secretagogues are the same as in Fig. 1. Note that the 5-HT and ACh responses were abolished by
EGTA and Co?*, whereas the secretin and VIP responses were blocked by caffeine. Data represent three to five similar experiments

Intracellular Ca?* pools consist of mitochon-
drial and nonmitochondrial structures in enterocy-
tes (Velasco et al., 1986; Ilundain et al., 1987; Se-
pulveda & Smith, 1987; van Corven et al., 1987).
Mitochondrial inhibitors, such as KCN (2 mm),
NaNjs (5 mm) and FCCP (2 umM), were without effect
(up to 60 min) on the secretagogue-induced hyper-
polarizing responses (3 to 7 observations for each
secretagogue, data not shown). In contrast, caf-
feine, which is known to facilitate the Ca’* release
from sarcoplasmic or endoplasmic reticulum (We-
ber, 1968; Endo, 1975; Moore & Pastan, 1977), se-
lectively inhibited the hyperpolarizing responses to
VIP and secretin (Fig. 6C). These results suggest
that caffeine-sensitive nonmitochondrial Ca?*
stores are responsible for the Ca?* release upon
stimulation with VIP or secretin.

Discussion

Taken together with our previous work (Yada &
Okada, 1984), the present data indicate that a hu-
man intestinal epithelial cell line, Intestine 407, re-
tains separate receptors capable of responding to
ATP, secretin, VIP, ACh, 5-HT and histamine,
which have all been identified as neurohumoral fac-
tors stimulating small intestinal secretion (Cooke,
1987; Donowitz & Welsh, 1987). Two classes of

membrane receptors may generally be distin-
guished: those coupled to phospholipase C, activa-
tion of which generates inositol trisphosphate (IP;)
and diacylglycerol, thereby triggering the regula-
tory process mediated by Ca?* and protein kinase C
(Nishizuka, 1984), and those to adenylate cyclase
catalyzing the cyclic AMP production. In epithelial
cells of the small intestine, the receptors of ACh, 5-
HT and histamine may belong to the former class,
since the action of these agonists are known to be
mediated by cytosolic Ca?* ions (Bolton & Field,
1977; Hardcastle, Hardcastle & Redfern, 1981;
Chang et al., 1986; Donowitz & Welsh, 1987; Hard-
castle & Hardcastle, 1987). On the other hand, VIP,
secretin and ATP may be the agonists for the latter
class, since an increase in the cellular cyclic AMP
or activation of adenylate cyclase was observed in
enterocytes upon stimulation with these secretago-
gues (Schwartz et al., 1974; Klaeveman et al., 1975;
Laburthe et al., 1979a,b; Binder et al., 1980; Kor-
man et al., 1982; Dharmsathaphorn et al., 1983).
Secretin shares a structural homology with VIP and
actually binds to the VIP receptor with a low affin-
ity (Laburthe et al., 19795). In the present study, in
fact, much higher doses (1 to 100 um) of secretin
were needed to induce hyperpolarizing responses in
Intestine 407 cells than those of VIP (1 to 100 nm).
Thus, one could argue that the secretin-induced re-
sponse might be induced by activation of the VIP
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receptor rather than its own receptor. However,
this possibility was ruled out by the fact that se-
cretin did induced the response even after desensi-
tization of the response to VIP (Fig. 1C).

As expected, the present study with Ca?*-selec-
tive and conventional microelectrodes showed that
ACh, 5-HT and histamine induced significant in-
creases in the cytosolic free Ca?" concentration and
hyperpolarizations, in phase, due to activation of
the Ca’*-dependent K* conductance in Intestine
407 cells (Fig. 4). The Ca?" ions mobilized upon
stimulation with ACh or 5-HT appear to be derived
mainly from the extracellular space, presumably via
Ca?* channels, because the hyperpolarizing re-
sponses to both agonists were selectively abolished
by a reduction in the extracellular Ca?* concentra-
tion down to around pCa 7 or by application of a
Ca?* channel biocker, Co?* (Fig. 64,B). If phospho-
lipase C activates were associated with these recep-
tors, activation of protein kinase C due to the pro-
duction of diacylglycerol would participate in the
opening of Ca?* channels, as noted in a number of
cell species (DeRiemer et al., 1985; Osugi et al.,
1986; Strong et al., 1987, Yamaguchi, Kleeman &
Muallem, 1987; Yada, Russo & Sharp, 1989). Alter-
natively, IP;, another product of the activated
phophoslipase C, may induce the opening of Ca?*-
permeable channels, as found in several cell species
(Kuno & Gardner, 1987; Parker & Miledi, 1987;
Penner, Matthews & Neher, 1988; Vilven & Cor-
onado, 1988). On the other hand, the experiments
with EGTA and Co?* (Figs. 6A,B) strongly suggest
that the origin of Ca’* ions mobilized upon stimula-
tion with histamine is intracellular. This is in con-
trast to the observation that histamine-induced Cl~
secretion is inhibited by deprivation of serosal Ca?*
ions or by the application of varapamil in rat small
intestine (Hardcastle & Hardcastle, 1987), but in
good agreement with the finding that histamine-in-
duced Ca?* mobilization is not affected by depriva-
tion of the extracellular Ca?* ions in colonic Tgy
cells (Wasserman et al., 1988). Since IP; is known
to provoke the Ca?* release from intracellular non-
mitochondrial stores in permeabilized enterocytes
(Velasco et al., 1986; Ilundain et al., 1987; van Cor-
ven et al., 1987), histamine-induced responses
might be mediated by IP;.

Contrary to what we had predicted, VIP, se-
cretin and ATP, which are all known to elevate cel-
lular cyclic AMP, were found to induce increases in
the cytosolic free Ca?" concentration in Intestine
407 cells (Fig. 5). There is a possibility that recep-
tors for these secretagogues are coupled not only to
stimulate adenylate cyclase activity but also to
stimulate inositol phospholipid breakdown, as
shown in the secretin receptor of pancreatic acini
(Trimble et al., 1986) and in the glucagon receptor
of hepatocytes (Wakelam et al., 1986). Alterna-
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tively, the increased cyclic AMP level may some-
how induce an increase in the [Ca}]; within enterocy-
tes, as suggested in previous reports (Frizzell, 1977;
Donowitz, 1983), since db-cAMP was found to in-
duce a hyperpolarization in Intestine 407. Recently,
sizable [Ca]; increases were, in fact, observed upon
the application of 8-bromo-cyclic AMP in isolated
chicken enterocytes by means of quin2 (Semrad &
Chang, 1987). Furthermore, our preliminary experi-
ments with Ca?*-selective microelectrodes showed
that dibutyryl cyclic AMP (1 mMm) increases in cyto-
solic free Ca’?" in giant Intestine 407 cells (Y.
Okada, S. Ueda, S. Oiki and T. Yada, unpublished
observations). Although cyclic AMP has been sug-
gested to release Ca’"™ from mitochondria (Juzu &
Holdsworth, 1980), mitochondrial inhibitors failed
to impair the hyperpolarizing responses to cyclic
AMP-mediated secretagogues in Intestine 407 cells.
Ca?* ions mobilized upon stimulation with VIP and
secretin appear to originate from the microsomal
store since the prior treatment with caffeine prefer-
entially abolished VIP- and secretin-induced hyper-
polarizing responses (Fig. 6C).

The secretagogue-induced hyperpolarizing re-
sponses recorded from fused giant cells in the
present study were also observed in nonfused small
Intestine 407 cells by conventional intracellular re-
cordings (Yada & Okada, 1984) and by whole-cell
recordings with patch electrodes (A. Itoh and Y.
Okada, unpublished observations). The hyperpo-
larizing responses were due to increases in the K+
conductance (Fig. 2) and were sensitive to quinine
or quinidine (Fig. 3), blockers of Ca?*-activated K+
channels in this cell line (Yada et al., 1986; Hazama
& Okada, 1988). The hyperpolarizing responses
were consistently associated with significant in-
creases in [Cal]; (Figs. 4 and 5). In addition, the
hyperpolarizing responses to ACh, 5-HT, VIP and
secretin were inhibited when secretagogue-induced
Ca’" mobilization was suppressed (with EGTA for
ACh or 5-HT, and with caffeine for VIP or secretin;
Fig. 6). Therefore, Ca?*-activated K* channels
seem to be the common target activated by intesti-
nal secretagogues, regardless of whether their sec-
ond messengers are Ca?* or cyclic AMP. The pres-
ence of Ca’f-activated K* channels has been
demonstrated by the patch-clamp studies in this cell
line (Hazama & Okada, 1988) and in isolated en-
terocytes (Morris, Gallacher & l.ee, 1986; Shep-
pard, Giraldez & Sepulveda, 1988). This agrees
with the observation that ACh and 5-HT activated
the basolateral Ca’"-dependent K* conductance in
rat mid-intestine (Hardcastle & Hardcastle, 1986).
Similar Ca?*-mediated activation of the basolateral
K™* conductance was reported for other Cl--secret-
ing epithelia, such as colonic Tg, cells (Cartwright et
al., 1985; Dharmsathaphorn & Pandol, 1986; Man-
del et al., 1986; Wasserman et al., 1988) and canine
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trachea (Welsh, Smith & Frizzell, 1982; 1983). It is
well known that an increase in the K* conductance
is prerequisite to epithelial secretory functions (Pe-
tersen, 1986; Donowitz & Welsh, 1987). Presum-
ably, this process may provide an electrical driving
force favorable for electroconductive Cl™ exit
across the luminal membrane and/or K* recycling
which, in turn, creates a favorable condition for CI~
entry via Na'™-K*-Cl; cotransporters across the
basolateral membrane.
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